A novel experimental test programme for erosion control geosynthetic mattings, i.e., geomats, is described. Using a laser Doppler anemometer, the velocities have been examined within the flow field at the fluid-geomat interface. Initial analysis of the test results has lead to a modified log-law equation for the downstream flow velocities above the geomat. This equation has the same form as canopy flow equations used in meteorology to describe the velocity profiles above vegetative canopies in the atmospheric boundary layer. The canopy flow equation for erosion control geotextiles is discussed herein.
INTRODUCTION
Over the past four decades, geosynthetics have become commonplace in the engineering world. As the name implies, geosynthetics are almost exclusively made of manmade fibres for use with geotechnically related materials (e.g., soil and rock). All geosynthetics can be classified under one of five main functions such as reinforcement, separation, liquid barrier, drainage, or filtration geosynthetics (Koerner 1994) . Recent years have seen a rapid growth in their use in the field of erosion control where they separate the soil from atmospheric conditions. However, the relatively new method of erosion control using geotextiles has no rigorous methodology of either design or testing that encompasses all the geometric forms of geomats currently in use.
In the study described in the present paper, four commercially available erosion control geomats were tested. These erosion control revegetation geomats (ECRMs) are all in the specific category of turf reinforcement and, hence, are generally termed turf reinforcement mattings (TRMs) (Koerner 1994; Theisen 1995) . TRMs take the form of open-structure, three-dimensional polymer geosynthetics of various densities and contexture. Although the geometric structure varies for all the geomats studied, they have the same function, namely, to:
• provide temporary protection to bare soil during the development of vegetation, and • provide permanent reinforcement to fully developed vegetation, allowing for the turf to withstand significantly higher loads than the unprotected state.
The experiments were set up to examine the flow field for the four geomats during initial geomat placement, where vegetation did not have time to grow within the mat structure. The experiments were conducted in an experimental flume lined with each geomat in turn. A one-dimensional laser Doppler anemometer was used to provide a detailed downstream velocity time series at locations throughout the depth of flow.
A prior pilot study (McKay et al. 1999 ) had shown that the velocity profile for a random filament geomat was displaced upwards from the actual flume bed to a level corresponding to an apparent main filament strata. This level could easily be described as a "virtual bottom" (Chow 1973) , "effective bed", or "theoretical bottom" (Bayazit 1976) and was initially thought, by the authors, to have been produced by a specific formation of filaments within the tested geomat. The testing discussed herein was initiated to investigate whether an effective/virtual/theoretical base (the level of displacement of the velocity profile) was present in all forms of geomat despite structural differences.
EXPERIMENTAL SETUP AND CONDITIONS
The experiments were conducted in a 4 m-long, 0.6 m-wide, glass panel, tilting flume. For all of the tests, the slope was kept constant at 1 × 10 -4 for the bare channel and the flow rate was kept at a constant 6 litres per second. A constant depth of 0.1 m was attained in the channel using the adjustable tailgate of the flume and was measured via the gauges mounted on the top of the flume. The various synthetic materials, when present, covered the entire flume bed and were secured at regular intervals using wire ties. The instantaneous streamwise velocity components were measured using a onedimensional (1-D) Dantec LDA system and processed by the supporting personal computer and its software (FloLite 1991). The laser probe was placed ≥ 2 m downstream of the inlet tank and was situated underneath the flume on a traverse/support accurate to within ±0.1 mm (Keogh and Addison 1996) for all directions of travel, which enabled readings to be taken vertically throughout the flow depth.
The laser system was set up to obtain 3,000 samples per location and, for each depth, three sample sets were obtained per run such that an average of 9,000 samples per depth reading was achieved per run. To obtain a good representation of the flow near the base, samples were taken every millimetre interval between 0 mm ≤ y ≤ 10 mm, then every two millimetre interval between 10 mm ≤ y ≤ 22 mm. Within the main flow, readings were taken every 5 mm interval between 25 mm ≤ y ≤ 50 mm and every 10 mm interval between 50 mm ≤ y ≤ 90 mm with two final readings at 96 and 98 mm.
The geomats used in the present study, as mentioned above, covered the wide range of designs currently used in industry from around the world (Table 1) .
EXPERIMENTAL RESULTS AND ANALYSIS

Introduction
Initial control tests consisting of runs in the channel without an erosion control geomat present were undertaken. The results show that the bare channel conditions are consistent with the theoretical expectations of fully formed flow ( Figure 1) . These results were used to determine the effect of the geomat presence on flow within the flume. All of the geomat experimental velocity profiles are presented in Figure 2 . All of the profiles show similar results of a traditional-looking logarithmic profile, displaced toward a depth nearing that of the nominal geomat thickness, with a seemingly linear drop toward the base level and zero velocity. This is the case for the majority of geomats except Geomat 2, which differs due to poor structural integrity. The authors of the present paper discovered that flow bounded by the geomat region contained approximately 4% of the overall flow for the whole channel. The average velocity in the over-mat flow region could be calculated by removing this 4% and the geomat thickness from the overall flow rate and depth, respectively, of a traditional Bernoulli velocity/flow rate equation. Attempting to similarly compensate in the logarithmic "law of the wall" equation yielded no results. However, it was known that the experimental profiles were logarithmic and this lead to the main focus of the study -to produce a logarithmic law for geomat flow.
3.2
Analysis: Logarithmic "Law of the Wall"
General Information
For the present study, velocity analysis results were evaluated using the "law of the wall" (Equation 1), which has been used successfully for many years (Bayazit 1976; Tani 1977; Nezu and Nakagawa 1993; Nezu and Rodi 1986) within the study of open channel flows. It was used within the present study to measure the formation of flow within the control test of the bare channel ( Figure 1 ).
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Von Karman constant = 0.41 under most circumstances (but has been noted within the ranges of 0.16 to 0.41 (Yalin 1972) ); η = scaled length (= yu * /ν for smooth conditions and yk s for rough conditions, where y = depth from base level, ν = kinematic viscosity, and k s = Nikuradse effective sand roughness coefficient); and B = constant = 8.5 for rough conditions and 5.5 for smooth conditions. There are a few problems when using Equation 1 for geomat-lined open channels. For the traditional open-channel log-law equation, the Nikuradse effective sand roughness coefficient, k s , does not take into account the thick permeable roughness of the geomats. Therefore, the theoretical profile does not produce the displacement of the base line caused by the permeable structure of the geomats.
Many studies of the roughness effect on the logarithmic distribution equation and the roughness factor (Einstein and Barbarossa 1952; Antonia 1971; van Rijn 1982; Hey 1979; Ackers and White 1973) have been completed; however, all of these studies relate to the roughness of impermeable particles. The authors of the present paper attempted to provide a fit to the measured velocity profiles by modifying the log-law equation, which resulted in the following:
(2)
( 3) where: h g = "virtual bottom" depth, which is the depth of displacement of flow produced by the presence of a geomat (the value of h g was estimated to be between y = 0.011 to 0.017 for geomat thicknesses ranging from y = 0.018 to 0.020); k g = geomat/ bed roughness coefficient; and (4) Although Equation 2 provides a fit to the experimental data, empirical and/or statistical analysis must then be used to calculate the best-fit of various variables (namely, u*, h g , and k g ). This appeared troublesome and led the authors of the present paper to study the micrometeorological canopy flow in the hope that theoretical solutions for the parameters could be premeditated.
Analysis: Canopy Flow
Due to the discrete, permeable nature of geomats, the effective roughness was seen to be a parameter that would be difficult to evaluate. This lead to the study of previous works on the subject of roughness and, in turn, to the observation that the geomat profiles were similar to those produced for vegetated hydraulic channels and studies of micrometeorology canopy flow (Nezu and Onitsuka 1999; Thom 1971; Jackson 1981; Cionco 1972) .
The study of micrometeorological canopy flow showed that Equation 3 is a canopy (Figures 2a to 2d) .
Through analysis of the theoretical and empirical results, it was possible to formulate the following equation for the effective roughness of the geomats: 
CONCLUSIONS
Equation 2 provided a fit with test data velocity profiles (with exception of Figure 2d , due to geomat structural integrity); however, Equation 2 was determined to be unsuitable in its natural state because it required empirical variables that could dramatically differ depending on the calculation methods. The derivation of the "canopy flow" law (Equation 5) produced variables calculated using accepted theoretical formulae (for d and k g , Equation 7 ). These variables, when used in conjunction with either Equations 2, 3, or 5, allowed the profiles to be fitted by the alteration of a single value: Manning's roughness coefficient, n. Values of Manning's roughness for different surfaces have previously been measured and are, thus, widely available in the literature. However, due to the complicated nature of the flow physics within the internal geomat structure, canopy law equations are not valid within the geomat region, and separate exponential equa-
tions must be implemented to produce theoretical distributions in this interfacial zone.
The calculation of the geomat effective roughness, k g =2.5h, agrees with the conclusions of previous studies (Bayazit 1976; van Rijn 1982) and the suggested values of effective roughness for rough beds (if one assumes the roughness depth h is equivalent to a sand diameter). However, contrary to many other works on the subject of roughness, which commonly deal with sand/spherical roughness elements and suggest discrete roughness should not be treated in the same manner as sand roughness, the present study shows that, although the roughness is discrete, the overall effect on the flow characteristics are not dissimilar and actually allow for treatment of effective roughness in the manner of traditional sandy rough beds.
The pilot study for the present study concluded that there was a virtual/theoretical bottom present within the geomat structure. This is now supported by the conclusion that flow over and within erosion control geomats produces microscale canopy flow, which can be seen from one specific set data (Figure 3 ). This data set shows the velocity profile over a geomat, which was not properly secured to the flume base. This allowed for the matting to rise off the flume bed and induced increased velocities in the region between the geomat and base. This can be said to model the effect of the foliage-free tree-trunk zone within a forest, which produces similar results. This phenomenon also highlights the importance of correct geomat placement as it could mean increased erosion below the geomat, which, in turn, could result in system failure.
These conclusions also reinforce the fact that it is the roughness factors that are of importance in the design of erosion control geomats, with Manning's roughness remaining the solitary function that affects the theoretical solution and the roughness length being the critical function within the velocity distribution equations. The roughness/ effective roughness will be investigated in the planned next stage of the testing programme. This stage will investigate the most effective formation of filament structure on Although the theory produced has not yet been fully scrutinised by extended testing, the authors of the present paper are confident that the theoretical equation for velocity profiles over geomats will lead to a better understanding of the mechanics involved when using such materials. 
